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A Bacillus subtilis strain was constructed that contained the repA gene of the lactococcal plasmid pWV01 in
its chromosome. This strain was used to construct the pWVO1-based integration vector pINT1, which lacked
the repA gene. The 3.6-kb plasmid pINTl was not able to replicate in Lactococcus lactis MG1363 but integrated
into the chromosome via a Campbell-like mechanism when a lactococcal chromosomal DNA fragment was
incorporated in the plasmid. Transformants were obtained that carried between one and four plasmid copies,
in stable tandem arrangement on the chromosome. The results indicate that pWVO1 can be used for the
development of a Campbell-like integration system fully derived of lactococcal DNA, with which stable multiple
copies of any gene of interest can be generated in the lactococcal chromosome.
Efficient dairy fermentations can be hampered by the loss
of the ability of lactic acid bacteria such as Lactococcus
lactis to grow fast in milk, resulting in a low production of
lactic acid and causing a delay in milk coagulation. It is now
well established that this is caused by the loss of the lactose
and/or proteinase genes, which are located on unstable
plasmids (for recent reviews, see references 7 and 14). Other
traits that are important in the dairy industry, like diacetyl
production, phage resistance, bacteriocin production and
resistance, and nisin production and resistance, are also
encoded by such plasmids (23). The integration of the
corresponding genes into the L. lactis chromosome may
offer a useful approach to the stabilization of inherently
unstable traits. It has been shown previously that the two
general plasmid integration systems, i.e., Campbell-like in-
tegration (based on a single crossover event) and integration
via replacement recombination (based on a double crossover
event), operate in L. lactis (5, 17-19). Integration of plasmids
via a Campbell-like mechanism offers the advantage that
stable multiple plasmid copies can be obtained in tandem
arrangement on the L. lactis chromosome (5, 18). We have
used this type of integration to stabilize multiple copies of
the proteinase genes in the L. lactis chromosome (16).
Although there are no fundamental obstacles to the stabi-
lization of relevant plasmid genes by chromosomal integra-
tion, the heterologous nature of the plasmids used so far and
the antibiotic resistance markers employed for selection of
the integrants may impede their applications or even consti-
tute a serious barrier to the use of stabilized L. lactis strains
in dairy practice. To overcome this obstacle, it will be
necessary to adjust the integration strategies by making use
of integration vectors consisting exclusively of lactococcal
DNA.
In previous work we described the sequence and charac-
terization of the 2.2-kb broad-host-range L. lactis plasmid
pWVO1 (20). The replication initiator protein RepA can act
in trans on the plus origin of pWVO1, a plasmid which
replicates via the rolling-circle mode of replication. The
same properties have been reported for the repA gene of the
closely related 2.1-kb lactococcal plasmid pSH71 (6).
Here we report on the construction of a Bacillus subtilis
* Corresponding author.
strain containing the pWVO1 repA gene integrated in its
chromosome under the control of the lactococcal promoter
P23 (33). As the first step toward an integration system fully
composed of lactococcal DNA, we used this strain to
construct a pWVO1-based vector lacking the repA gene
which was unable to replicate in L. lactis. Upon the insertion
of a lactococcal chromosomal fragment in this plasmid,
stable integration in the L. lactis chromosome was obtained.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The
strains and plasmids used are shown in Table 1. Escherichia
coli and B. subtilis were grown on TY broth and agar (26). L.
lactis was cultured and plated onto glucose-M17 (GM17)
broth and agar (30). L. lactis cells were plated onto GM17
agar plates containing 0.3 M sucrose after electrotransfor-
mation. For E. coli, ampicillin, chloramphenicol, and eryth-
romycin were used at final concentrations of 100, 15, and 100
,ug/ml, respectively. Chloramphenicol and erythromycin
were each used at a final concentration of 5 ,ug/ml for B.
subtilis. For L. lactis, erythromycin was used at a final
concentration of 5 ,ug/ml.
DNA isolation and manipulation. Plasmid DNA was iso-
lated from E. coli and B. subtilis either by the method of
Birnboim and Doly (1) or as described by Ish-Horowicz and
Burke (12). L. lactis and B. subtilis chromosomal DNAs
were isolated as described before (18). Restriction enzymes,
Klenow enzyme, and T4 DNA ligase were obtained from
Boehringer GmbH, Mannheim, Germany, or from New
England BioLabs, Inc., Beverly, Mass., and used as speci-
fied by the suppliers. General molecular cloning techniques
were carried out essentially as described by Maniatis et al.
(22).
Transformation. E. coli was transformed by the method of
Mandel and Higa (21). B. subtilis cells were grown to
competence and transformed as described by Bron and
Venema (2). Protoplasts of B. subtilis were prepared and
transformed as described by Chang and Cohen (3). The
method used for the electrotransformation of L. lactis has
been described previously (18).
Southern hybridizations. After electrophoresis in 0.8%
agarose gels, the DNA (3 ,ug of chromosomal DNA per lane
in each case) was transferred to GeneScreen Plus filters (Du
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TABLE 1. Bacterial strains and plasmids







8G5::repA 8G5 containing pREP4 with the repA gene of pWVO1 in its chromosome This work
L. lactis
MG1363 Ems, plasmid free 8
KL1002 Emr, MG1363 carrying two to three copies of pINT1 in the chromosome This work
KL1003 Emr, MG1363 carrying one to four copies of pINT1 in the chromosome This work
KL1003a Emr, MG1363 carrying four copies of pINT1 in the chromosome This work
KL1003b Emr, MG1363 carrying two copies of pINT1 in the chromosome, obtained like This work
KL1003a
KL1004 Emr, MG1363 carrying one to three copies of pINT1 in the chromosome This work
KL1004a Emr, MG1363 carrying three copies of pINT1 in the chromosome This work
KL1004b Emr, MG1363 carrying two copies of pINT1 in the chromosome This work
KL1004-Ia Emr, MG1363 carrying one to three copies of pINT1, obtained after nonselective This work
growth of KL1004a




pUC19E Apr Emr, pUC19 carrying the Emr gene of pE194 (10) in the SmaI restriction site Laboratory collection
pGKV223D Emr Cmr, deletion derivative of pGKV223 (32) Laboratory collection
pUC23 Apr, pUC19 carrying P23 as an EcoRI-SmaI fragment in the EcoRI and SmaI sites This work
pT713repA Apr, pT713 (29) carrying repA of pWVO1 as an MvnI-MboI fragment in the SnaI 20
and BamHI sites
pUC23rep3 Apr, pUC23 carrying repA of pWVO1 under control of promoter P23 This work
pKV42 Cmr Tcr, pHV60 (24) carrying a 4.2-kb B. subtilis chromosomal fragment 15
pREP4 Apr Cmr, pUC23 carrying the Cmr gene and the 4.2-kb B. subtilis chromosomal This work
fragment of pKV42
pGK1 Cmr, pWVO1 carrying the Cmr gene of pC194 (11) in the MboI restriction site 13
pORI5 Emr, deletion derivative of pWVO1 lacking repA and carrying the Emr gene of This work
pE194 (10)
pINT1 Emr, pOR15 carrying the 1.3-kb lactococcal chromosomal insert A This work
Pont Co., NEN Research Products, Boston, Mass.) by using
the protocol of Southern, as modified by Chomczynski and
Qasba (4). Labeling of chromosomal fragment A, hybridiza-
tion conditions, and washing steps were performed as rec-
ommended by the manufacturer of the ECL gene detection
system (Amersham International, Amersham, United King-
dom). Labeled phage lambda DNA was added to the hybrid-
ization mixtures to allow easy determination of the sizes of
the hybridizing fragments in the chromosomal digests.
Determination of the stability of integrated plasmids. L.
lactis KL1003, KL1004, KL1004a, and KL1004b were
grown in GM17 broth without selective pressure. After 100
generations (indicated in strain designations by the suffix -I),
appropriate dilutions of the cultures were plated onto GM17
agar plates without antibiotics. The erythromycin resistance
(EmD) phenotype was tested by transferring more than 200
colonies of each strain from the nonselective GM17 plates to
GM17 plates containing erythromycin. The stabilities of
strains KL1004a (three tandemly integrated plasmid copies)
and KL1004b (two tandemly integrated plasmid copies) were
also determined by measuring the intensities of the hybrid-
izing fragments in the Southern hybridizations by using
chromosomal fragment A to probe EcoRI-cleaved chromo-
somal DNAs of cultures of these strains after 100 genera-
tions of nonselective growth (KL1004-Ia and KL1004-Ib).
Since EcoRI does not have recognition sites in the integra-
tion vector pINT1, digestion with EcoRI of chromosomal
DNAs in which pINT1 is integrated results in discrete
fragments of different sizes depending on whether one, two,
or three plasmid copies are tandemly arranged on the chro-
mosome. The number of chromosomal fragments A on
EcoRI fragments is equal to n + 1, in which n is the number
of integrated plasmid copies. If the hybridizing EcoRI frag-
ments each contain the same number of fragments A, then
the ratio of percentages of the different hybridizing frag-
ments in the chromosomal DNA of a mixed culture with an
equal number of different cells carrying one, two, or three
integrated plasmid copies would be 33.3:33.3:33.3. How-
ever, because the different EcoRI fragments contain n + 1
fragments A the ratio of hybridization (percentages) in the
chromosomal digest of such mixed culture will be 22.2:33.3:
44.4. Therefore, a correction was made to accommodate this
difference. The intensity of hybridization of the fragments
was measured with a Pharmacia LKB 2222-020 UltroScan
XL Laser densitometer (Pharmacia, Bromma, Sweden), and
then the actual fraction of each fragment was calculated.
RESULTS
Construction of a B. subtilis strain with an integrated repA
gene. To enable the construction and isolation of a nonrep-
licating pWVO1-based integration vector for L. lactis, a B.
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FIG. 1. Schematic representation of the construction of the B.
subtilis integration vector pREP4. The open box represents the part
ofpWV01 containing the plus origin of replication. The hatched box
represents the part of pWV01 containing the repA gene. The solid
box represents the cloned chromosomal fragment of B. subtilis. 0,
ori pWV01; *, ori pBR322, P23, promoter 23; pT7, promoter T7;
mcs, multiple cloning site. Only the relevant restriction sites are
shown.
subtilis strain was constructed that produced the pWVO1
RepA protein. For that purpose pREP4 carrying the repA
gene was constructed (Fig. 1). The 400-bp EcoRI-BamHI
fragment carrying the lactococcal promoter P23 from
pGKV223D (a deletion derivative of the previously de-
scribed pGKV223 [33]) was ligated into the EcoRI and
BamHI restriction sites of plasmid pUC19 (34). This ligation
resulted in the 3.1-kb plasmid pUC23. To provide the repA
gene with a promoter that was functional in B. subtilis, repA
devoid of its own promoter but still carrying its ribosome
binding site was isolated on an EcoRI-PstI fragment from
pT713repA (20). The EcoRI recessed ends were filled in with
the Klenow enzyme, and the repA fragment was ligated
to Klenow enzyme-treated pUC23 digested with BamHI
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FIG. 2. Schematic representation of the construction of the L.
lactis integration vector pINT1. The open box and the hatched box
represent the same DNA fragments as in Fig. 1. The solid box
represents the lactococcal chromosomal fragment A.
pUC23rep3. Plasmid pKV42 (15) was the source of chromo-
somal DNA of B. subtilis 8G5. The BamHI-PstI fragment of
approximately 6 kb carrying the Cmr gene of pC194 (11) and
the 4.2-kb chromosomal B. subtilis DNA was isolated and
treated with the Klenow enzyme to fill in the BamHI
recessed ends. Plasmid pUC23rep3 was digested with XbaI
and PstI, treated with the Klenow enzyme to fill in the XbaI
recessed ends, and ligated to the 6-kb fragment of pKV42,
which resulted in pREP4, approximately 10 kb in size. In
pREP4 the repA gene is transcriptionally controlled by the
lactococcal P23 promoter, and this plasmid lacks the
pWVO1 origin of replication.
Plasmid pREP4 was used to transform competent cells of
B. subtilis 8G5, and transformants were selected on Cm-
containing plates. One of the transformants, designated
8G5::repA, carried pREP4 integrated into its chromosome
(results not shown) and was used to construct a pWVO1-
based integration vector.
Construction of a pWVOl-based integration plasmid. To
construct a plasmid containing the plus origin of replication
of pWVO1 but lacking the repA gene, the pWVO1-based
cloning vector pGK1 (13) was used (Fig. 2). The 1,188-bp
MboI-MvnI fragment of pGK1 carrying the plus origin
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MboI recessed ends. The 1.1-kb EcoRI-HindIII fragment of
pUC19E, carrying the Emr gene of pE194 (10), was isolated
and treated with the Klenow enzyme. B. subtilis 8G5::repA
protoplasts were transformed with a ligation mixture of the
plus-origin fragment and the Emr gene fragment. Transfor-
mants that were chloramphenicol resistant (Cmr; conferred
by the recipient strain) and Emr (conferred by the plasmid)
contained the 2.3-kb plasmid pORI5, which was able to
replicate in this strain (results not shown). The 1.3-kb SphI
lactococcal chromosomal fragment A of pKL1OA (18) was
inserted in the SphI restriction site of pORI5, which resulted
in the 3.6-kb integration plasmid pINT1.
Integration of pINTI in the L. lactis chromosome. L. lactis
MG1363 was electrotransformed with either pORI5 or
pINT1. No Emr transformants were obtained when pORI5
was used, whereas pINT1 produced approximately 20 Emr
transformants per ,ug of plasmid DNA (the transformation
frequency for pGK12 [13], a replicating lactococcal plasmid,
was 106 transformants per ,ug in the same experiment). Three
Emr transformants obtained with pINT1, designated KL1002,
KL1003, and KL1004, did not contain free plasmid DNA, as
was judged from analysis by standard procedures (data not
shown), and were further analyzed by Southern hybridiza-
tions. The EcoRI-digested chromosomal DNAs of strains
KL1002, KL1003, and KL1004 were very similar when
chromosomal fragment A was used as a probe (Fig. 3).
EcoRI does not have recognition sites on the 3.6-kb pINT1
(Fig. 3A, lanes 9 and 10). Since fragment A is present on a
3.0-kb EcoRI fragment (Fig. 3A, lane 1), fragments of
approximately 6.6, 10.2, and 13.8 kb are to be expected after
Campbell-like integration of one, two, or three copies of
pINT1 in fragment A, respectively (Fig. 3C). Figure 3A,
lanes 2, 3, and 4, which contained EcoRI digests of the
chromosomal DNAs of strains KL1002, KL1003, and
KL1004, respectively, showed that fragments were present
at approximately 6.6, 10.2, and 13.8 kb in each lane. This
result indicates that each cultures of strain KL1002,
KL1003, or KL1004 consisted of a mixed population of cells
with different numbers of tandemly integrated plasmid cop-
ies (see also below).
Stability of strains KL1002, KL1003, and KL1004. The
stability of the integrated structures in strains KL1002,
KL1003, and KL1004 was tested by growth under nonselec-
tive conditions in GM17. After 100 generations, the Emr
phenotype of the cultures was tested by transferring colonies
from nonselective places to selective plates. The percentage
of Ems cells that occurred during nonselective growth
ranged from 0.02 to 0.03% per generation (Table 2). This
result suggests that in some cells of KL1002-I, KL1003-I,
and KL1004-I cultures all integrated plasmid copies were
lost. The chromosomal structures of strains KL1002-I,
KL1003-I, and KL1004-I were analyzed by Southern hybrid-
izations (Fig. 3, lanes 6 to 8). The hybridization patterns of
the EcoRI-digested chromosomal DNAs of these strains
were very similar to those of the parental strains. Only small
differences in the intensity of the one copy fragment (at 6.6
kb) were observed. No hybridization was observed in either
of the three strains at the position of the 3.0-kb fragment.
Hybridization at this position might be expected if the Ems
colonies would have arisen from precise excision of the
integrated plasmid.
Recombination between pINT1 sequences in strains with a
distinct number of integrated plasmid copies. To corroborate
the conclusion that the transformant strains had a mixed
composition, a culture of strain KL1004 was plated and
two randomly chosen colonies, designated KL1004a and
A














FIG. 3. (A) Southern hybridization analysis of EcoRI-digested
chromosomal DNAs of strains MG1363 (lane 1), KL1002 (lane 2),
KL1003 (lane 3), KL1004 (lane 4), KL1002-I (lane 6), KL1003-I
(lane 7), and KL1004-I (lane 8). Other lanes: 5, phage lambda DNA
cleaved with Hindlll; 9, pINT1; 10, pINT1 linearized with BamHI.
Labeled chromosomal fragment A was used as a probe. Sizes (in
kilobases) are indicated in the margins. (B) Southern hybridization
analysis of EcoRI-digested chromosomal DNAs of strains MG1363
(lane 1), KL1004 (lane 2), KL1004a (lane 3), KL1004b (lane 4),
KL1004-Ia (lane 5), and KL1004-Ib (lane 6). Labeled chromosomal
fragment A was used as a probe. (C) Schematic representation of the
relevant part of the chromosome of the host strain MG1363 and the
expected structures after Campbell-like integration of pINT1 with
subsequent amplification. The solid boxes indicate the locations of
the chromosomal fragment A.
KL1004b, were isolated. Southern hybridization analysis
with chromosomal fragment A to probe EcoRI-digested
chromosomal DNA of strains KL1004a and KL1004b
showed that the two substrains contained three and two
tandemly integrated copies of pINT1, respectively (Fig. 3B,
lanes 3 and 4). This observation confirmed the suggestion
that cultures of the original transformants consisted of a
mixed population. The two substrains KL1004a and
KL1004b, each with a distinct number of integrated plasmid
copies, were grown under nonselective conditions for 100
TABLE 2. Stability of pINT1-derived transformant strains under
nonselective growth conditions






" Percentage of Emr CFU after nonselective growth for 100 generations of
the transformant strains and substrains.
+ o mLmj. #10 es 1010 1-
VOL. 57, 1991
2566 LEENHOUTS ET AL.
TABLE 3. Recombination between pINT1 sequences in strains
KL1004a and KL1004b
Strain and no. Fraction () Recombination
of integrated of the culture frequency' (%)

















a The recombination frequency is the percentage of the culture with a
altered number of integrated plasmid copies divided by the number of
generations of nonselective growth (100 generations). ND, not done.
generations, and then the percentages of Emr cells in the
cultures of the two substrains were determined (Table 2).
The Emr phenotype was retained in 99 and 98% of the cells
in the cultures of strains KL1004a (KL1004-Ia) and KL1004b
(KL1004-Ib), respectively. The chromosomal DNAs of
KL1004-Ia and KL1004-Ib were isolated and analyzed by
Southern hybridizations (Fig. 3B, lanes 5 and 6). The hybrid-
ization results show that the KL1004-Ia culture, which was
started with cells containing three integrated plasmid copies,
had generated cells containing one or two integrated plasmid
copies. Similar results were obtained with the KL1004-Ib
culture, which was started with cells containing two copies
but which had generated cells containing one or three copies.
The percentage of cells with an altered number of integrated
plasmids generated by recombination between pINT1 se-
quences was calculated by using the values of the densito-
metrically determined intensities of hybridization of the
one-, two-, and three-copy fragments in lanes 5 and 6 of Fig.
3B (Table 3). Cells with an altered number of integrated
copies of pINT1 were generated with frequencies ranging
between 0.10 and 0.12% per generation.
To examine the chromosomal structure of the Ems cells,
generated after subculturing for 100 generations under non-
selective conditions, the chromosomal DNAs of two cul-
tures grown from Ems colonies of the KL1004-Ia culture,
designated KL1004-Ial and KL1004-la2, were isolated.
Southern hybridization analysis of these chromosomal
DNAs with fragment A as a probe clearly shows that the
Em5 colonies were the result of precise excision of the
integration plasmid (Fig. 4, lanes 3 and 4).
DISCUSSION
Here we demonstrated that a 3.6-kb integration vector
(pINT1), based on the lactococcal plasmid pWVO1 lacking
the gene for the replication initiator protein (repA), could be
constructed in a B. subtilis strain containing a functional
repA gene in its chromosome. This plasmid was able to
integrate via a Campbell-like mechanism into the chromo-
some of L. lactis MG1363. The cultures of all transformants
analyzed consisted of a mixed population of cells that
1 2 3 4
13.8 00 d 1 ;
102-
30 X
FIG. 4. Southern hybridization analysis of EcoRl-digested chro-
mosomal DNAs of strains MG1363 (lane 1), KL1004-Ia (lane 2),
KL1004-Ial (lane 3), and KL1004-Ia2 (lane 4). Labeled chromo-
somal fragment A was used as a probe.
contained between one and four integrated plasmid copies in
tandem arrangement on the chromosome. The production of
amplified integrated plasmids in transformants in the ab-
sence of elevated concentrations of antibiotics has been
described before (16-18). It has been suggested that either
integration of plasmid multimers or consecutive integration
of multiple plasmid monomers may underlie this phenome-
non (16, 17). In integration experiments involving a 13.5-kb
pTB19-based integration vector, we reported that transfor-
mants were obtained with a mixed nature with respect to the
number of integrated plasmid copies (16). In the experiments
described here, the substrains KL1004a and KL1004b, car-
rying three and two tandemly integrated plasmid copies,
respectively, were used to determine the frequency of pro-
duction of cells with an altered number of integrated plas-
mids. These substrains generated cells with higher and lower
copy numbers at frequencies ranging between 0.10 and
0.12% per generation.
After nonselective growth of the strains KL1002, KL1003,
KL1004 and the substrains KL1004a and KL1004b, Ems
cells were generated with low frequencies ranging between
0.01 and 0.03% per generation, corresponding to a recombi-
nation frequency of approximately 2 x 1O-4 per generation.
For substrain KL1004a, it was established that the Ems cells
were the result of precise excision of pINT1 by recombina-
tion between the 1.3-kb nontandem repeats (fragment A).
We have recently established that the recombination fre-
quency between 1.6-kb nontandem duplications in the chro-
mosomal region encoding the X-prolyl dipeptidyl aminopep-
tidase gene of L. lactis MG1363 was approximately 5 x 10-6
per generation (19). This suggests that the location on the
chromosome affects the frequency of recombination. Some
support for this possibility may be derived from observations
made by Vagner and Ehrlich (31) who reported that up to
33-fold differences exist in recombination frequencies of the
same 3.4-kb nontandem repeats at 12 different locations of
the B. subtilis chromosome.
Previously, we observed differences in the stability of
different plasmids integrated at the same location on the L.
lactis chromosome (17, 18). Transformants carrying inte-
grated pBR322-based vectors in the 1.3-kb chromosomal
fragment A, which contained the same Emr gene as that used
here, did not show loss of the Emr phenotype (18). This is in
contrast to the limited degree of loss of pINT1. It is
conceivable that the origin of replication of pWVO1, even in
the absence of RepA, may be slightly activated by host
APPL. ENVIRON. MICROBIOL.
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enzymes, resulting in complete loss with low frequency of
the integrated plasmids via precise excision. This interpre-
tation is in accordance with the observation that residual
replicative activity of integration plasmids leads to their loss
in B. subtilis (25, 35).
Chopin et al. (5) reported a loss of 1.6% per generation of
amplified pE194 copies from the chromosome of L. lactis
IL1403, which is about 100-fold higher than that for the
MG1363-derived strains KL1002, KL1003, KL1004,
KL1004a, and KL1004b. This difference may be due to
differences in the plasmid used or to recipient strain-specific
differences.
The integration system described here still suffers from
one disadvantage: the need to use an antibiotic to select the
transformants. Experiments are in progress to replace the
Emr marker by a selectable lactococcal marker. A number of
selectable lactococcal genes are presently available, such as
bacteriocin resistance genes (32), nisin resistance genes (9,
27), and the lactose genes- (7). Thus, the prospects for the
development of a Campbell-like integration system entirely
composed of lactococcal DNA are promising.
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